Resume -Les semiconducteurs e t l e s f e r r o 6 l e c t r i q u e s sont des candidats promett e u r s pour des a p p l i c a t i o n s v a r i e e s du melange de q u a t r e ondes deg6nerees. Dans ce propos, nous a l l o n s passer en revue l e s mecanismes non l i n e a i r e s dans chaque m a t e r i a u e t comparer l e s performances de chaque t y p e pour l e s a p p l i c a t i o n s au m@lange de q u a t r e ondes degenerees.
INTRODUCTION I n r e c e n t years, t h e technique o f degenerate four-wave m i x i n g (DFWM) has been used i n a v a r i e t y o f a p p l i c a t i o n s , i n c l u d i n g phase conjugation, a b e r r a t i o n c o r r e c t i o n ,
image processing, s p e c t r a l f i l t e r i n g , phase conjugate resonators, e t c . Two classes of n o n l i n e a r m a t e r i a l s which show g r e a t promise f o r DFiJM a p p l i c a t i o n s a r e semiconductors and f e r r o e l e c t r i c s . I n semiconductors, l a r g e n o n l i n e a r i t i e s can be o b t a i n e d v i a a v a r i e t y o f o p t i c a l t r a n s i t i o n s , most n o t a b l y t h e i n t e r b a n d e x c i t a t i o n o f a f r e e c a r r i e r plasma. The a s s o c i a t e d response times a r e r e l a t i v e l y f a s t (1 0 -~-1 o -~s~c ) , and a r e determined by t h e b u i 1 dup and decay o f c a r r i e r populations. I n t h e case o f f e r r o e l e c t r i c s , t h e space charge e l e c t r i c f i e l d s generated by c a r r i e r generation, m i g r a t i o n and subsequent t r a p p i n g , combined w i t h l a r g e values of e l e c t
r o -o p t i c c o e f f i c i e n t s l e a d t o l a r g e n o n l i n e a r i t i e s v i a t h e p h o t o r e f r a c t i v e e f f e c t . The response t i m e f o r t h i s e f e c t i s dependent upon t h e i n c i d e n t i n t e n s i t y , w i t rnea u r e d values
r a n g i n g from 10-k10-8sec f o r pulsed l a s e r e x c i t a t i o n t o 9--7 10-10 sec f o r C!I e x c i t a t i o n . I n t h i s paper, we w i l l b r i e f l y review some o f t h e p r i n c i p a l n o n l i n e a r mechanisms i n b o t h semiconductors and f e r r o e l e c t r i c s , p r e s e n t DFLJPI r e s u l t s f o r t y p i c a l m a t e r i a l s , and compare t h e performance o f b o t h types of m a t e r i a l s f o r DFLJH a p p l i c a t i o n s .
The p r i n c i p a l c o n f i g u r a t i o n o f i n t e r e s t i s t h e backward DRJM c o n f i g u r a t i o n , i n which t h r e e waves a t frequency w a r e i n c i d e n t on t h e n o n l i n e a r medium. Two of t h e waves a r e s t r o n g counterpropag t i n g pumps t r a v e l l i n g i n t h e f o r w a r d and backward d i r e c t i o n s w i t h a p l i t u d e s $ and Eb, r e s p e c t i v e l y . The t h i r d i n p u t wave i s a weak probe (amplitude Tp) which makes a small angle B w i t h r e s p e c t t o t h e pump wav
Phase matching then r e q u i r e s t h a t t h e phase conjugate s i g n a l wave (amplitude fi) be r a d i a t e d i n a d i r e c t i o n backward t o t h e probe wave. The n o n l i n e a r o r DF!IF1 r e f l e c t i v i t y i s d e f i n e d as For t h e backward DFWM c o n f i g u r a t i o n t h e r e a r e t y p i c a l l y two separate g r a t i n g c o n t r i b u t i o n s t o t h e r e f l e c t i v i t y R, as shown i n F i g u r e 1. I n many cases one g r a t i n g term i s dominant o v e r t h e o t h e r , b u t t h i s must be v e r i f i e d f o r each experiment. For example, i n semiconductors i n which t h e n o n l i n e a r i t y i s due t o t h e Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1983220 o p t i c a l generation of free c a r r i e r s , t h e c o n t r i b u t i o n from t h e small p e r i o d g r a t i n g i s u s u a l l y n e g l i g i b l e , due t o washout by d i f f u s i o n . By contrast, t h e d i f f u s i o n c o n t r i b u t i o n t o t h e photorefractive n o n l i n e a r i t y i n f e r r o e l e c t r i c s favors the small p e r i o d g r a t i n g . The s p a t i a l frequency response o f semiconductors and f e r r o e l e c t r i c s w i l l be compared i n more d e t a i l i n Section I V .
Eb LARGE PERIOD GRATING
F i n a l l y , we note t h a t i n semiconductors t h e r e are o t h e r c o n t r i b u t i o n s t o t h e nonlinear E c p o l a r i z a t i o n beside the two g r a t i n g s discussed above. The added terms a r e general l y smal l e r and include c o n t r i b u t i o n s from two-photon (and higher order) absorption and s e l f d i f f r a c t i o n , E WALL PERIOD GRATING and do n o t necessarily r e q u i r e t h e establishment o f a s p a t i a l g r a t i n g . mechanisms t h a t can be used f o r DFWM. This abundance o f nonlinear mechanisms i s l a r g e l y due t o the presence o f f r e e c a r r i e r s t a t e s ( i n a d d i t i o n t o t h e bound e l e c t r o n s t a t e s t h a t a r e present i n a l l o p t i c a l materials), and t o t h e ease w i t h which f r e e c a r r i e r s can be o p t i c a l l y generated. Other d i s c r e t e s t a t e s due t o i m p u r i t i e s and excitons can a l s o c o n t r i b u t e t o t h e nonlinear behavior. I n our discussion o f DF!i M i n semiconductors, we f i r s t present some general observations on t h e nonlinear p o l a r i z a t i o n density i n these materials, and then describe s p e c i f i c mechanisms and experiments. I n a medium w i t h a l o c a l response such as a semiconductor, the n o n l i n e a r p o l a r i z a t i o n d e n s i t y loading t o t h e DFWM s i g n a l can be w r i t t e n as a sum o f 3rd and h i g h e r odd order nonlinear terms i n t h e a p p l i e d e l e c t r i c f i e l d s . The order o f t h e s u s c e p t i b i l i t i e s and t h e s p e c i f i c terms which c o n t r i b u t e s i g n i f i c a n t l y t o t h e DFWM s i g n a l depend on t h e s p e c i f i c s o f the nonlinear i n t e r a c t i o n . For instance, i n t h e case where t h e nonlinear mechanism i s due t o two-photon t r a n s i t i o n s from t h e valence band t o t h e conduction band, terms i n v o l v i n g both t h i r d order and f i f t h order n o n l i n e a r s u s c e p t i b i l i t i e s w i l l g e n e r a l l y be s i g n i f i c a n t , and t h e dominance o f one over t h e o t h e r w i l l depend on t h e s p e c i f i c experimental conditions. By the same token, & I h i g h e r order terms become important when s i g n i f i c a n t population changes a r e caused by t h e r a d i a t i o n , such as near t h e s a t u r a t i o n ;intensity o f a resonant t r a n s i t i o n . W e note however, t h a t the t h i r d order terms a r e dominant f o r t h e most important n o n l i n e a r i t i e s a t low i n t e n s i t i e s .
The various e l e c t r o n i c n o n l i n e a r i t i e s i n semiconductors can be d i v i d e d i n t o nonresonant and resonant categories. The f i r s t two n o n l i n e a r i t i e s described below --namely, anharmonic motion o f bound electrons and nonlinear motion o f f r e e c a r r i e r s --a r e by and l a r g e nonresonant, and are g e n e r a l l y characterized by very f a s t speeds, b u t r e l a t i v e l y small n o n l i n e a r s u s c e p t i b i l i t i e s . Most o f t h e remaining nonl i n e a r i t i e s described a r e resonant, i .e., i n v o l v e r e d i s t r i b u t i o n o f populations, and a r e consequently 1 imi t e d by speeds corresponding t o energy b u i 1 dup and r e l a x a t i o n times. Nevertheless, a major a t y~n t a g e o f the resonant n o n l i n e a r i t i e s t h e l a r g e f i r enhancements i n t h e values o f x t h a t may b possible, e.g. from -10-esu f o r One of the f i r s t e l e c t r o n i c n o n l i n e a r i t i e s studied i n semiconductors [2] , and t h e one most commonly used i n e a r l y (nondegenerate) four-wave mixing experiments i s due t o t h e anharmonic motion o f bound electrons f a r from t h e i r resonant frequencies. This n o n l i n e a r i t y i s present i n a l l c r y s t a l l i n e s o l i d s , and i s t h e dominant n o n l i n e a r i t y i n i n t r i n s i c semiconductors a t frequencies w e l l below the bandgap. Furthermore, t h i s n o n l i n e a r i t y was t h e f i r s t one f o r which experimental r e s u l t s on DFWM and phase conjugationljn a semiconductor were reported [3] . Using a t h i r d -o r d e r s u s c e p t i b i l i t y o f -2 . 5~1 0 -esu i n Ge a t 10.6 urn, r e f l e c t i o n r e t u r n s o f -2% were r e p o r t e d a t pump i n t e n s i t i e s o f -40 M W / C~~.
I n d ed emiconductors w i t h moderately l a r g e f r e e c a r r i e r concentrations 8g 5
(210 /cm ), s i g n i f i c a n t n o n l i n e a r i t i e s may be present due t o t h e n o n l i n e a r motion and energy r e l a x a t i o n o f f r e e c a r r i e r s i n response t o t h e d r i v i n g o p t i c a l f i e l d s [4, 5] . Such nonl i n e a r i t i e s can be p a r t i c u l a r l y l a r g e i n narrow gap semiconductors (such as InSb, InAs and HgCdTe), because o f t h e l a r g e nonparabolici t y o f t h e conduction bands. E a r l y studies o f t h i s n o n l i n e a r i t y 161 used four-wave m i x i n g w i t h nondegenerate frequencies. Recently Yuen and Wolff [5] have c l a r i f i e d the important r o l e o f c a r r i e r energy r e l a x a t i o n w i t h experiments on nondegenerate four-wave mixing, and have demonstrated a s i g n i f i c a n t enhancement i n t h e n o n l i n e a r s u s c e p t i b i l i t y as the degenerate frequency case i s approached. The Yuen and Wolff model f o r these f r e e c a r r i e r n o n l ' n e a r i t i e s leads t o an estimated s u s c e p t i b i l i t y f o r DFWM i n InSb ( a t 10.6 o f -10-' esu. Nevertheless, no four-wave m i x i n g experiments w i t h degenerate frequencies have been reported i n which the n o n l i n e a r behaviour i s unambiguously a t t r i b u t e d t o the nonlinear motion o f f r e e c a r r i e r s .
Several e f f e c t s associated w i t h t r a n s i t i o n s i n semiconductors can l e a d t o l a r g e n o n l i n e a r i t i e s f o r DFWM. These include f r e e c a r r i e r plasma generation v i a valence-to-conduction band t r a n s i t i o n s , s a t u r a t i o n o f interband absorption, and s a t u r a t i o n o f e x c i t o n absorption. The l a r g e s t n o n l i n e a r i t i e s have been obtained v i a o p t i c a l l y induced
f r e e c a r r i e r generation. These n o n l i n e a r i t i e s were f i r s t studied by Woerdman 171 i n 1971, and more r e c e n t l y by Jain, e t . a1. 18-111. 
The nonlinear p o l a r i z a t i o n d e n s i t y f o r t h e backward DFWM c o n f i g u r a t i o n can then be w r i t t e n as The s u s c e p t i b i l i t y X13) corresponds t o t h e g r a t i n g term (see Figure 1 ) obtained from the interference o f ?. ge probe wave w i t h pump beam i ( w i t h i = f o r b). Since t h e ma n o n l i n e a r i t y i s s t r o n g l y a f f e c t e d by c a r r i e r d i f f u s i o n , t h e s u s c e p t i b i l i t i e s a r e expected t o be f u n c t i o n s o f t h e g r a t i n g spacing A, and thus s t r o n g functions angle 0 between t h e forward and probe waves ( e s p e c i a l l y near 0=0). I n t h e i r analysis, J a i n and K l e i n 181 derived expressions f o r X(3) i n two l i m i t s , depending on t h e r e l a t i v e values o f t h e pulse l e n g t h TL and t h e e f f e c t i v e c
The term i n brackets i n Eqs 5) and (6) i s due t o interband t r a n s i t i o n s .and leads t o a l a r g e enhancement i n x t 3 j near the d i r e c t band edge. I n t h e experiments o f J a i n and K l e i n [8, 9] the peak power r e f l e c t i v i t y i n S i a t 1.06 pm was measured using a Nd:YAG l a s e r w i t h a 15 ns pulse width; t y p i c a l experimental dataare p l o 
t t e d i n Figure 2. For low pump i n t e n s i t i e s the r e f l e c t i v i t y v a r i e d q u a d r a t i c a l l y w i t h t h e pump i n t e n s i t y , as expected f o r h i r d order i n t e r a c t i o n . From such data, an experimental

t i n g . The c a l c u l a t e d c o n t r i b u t i o n from t h e small-period g r a t i n g i s smaller by a f a c t o r o f -lo4. For a given pump i n t e n s i t y , t h e l a r g e s t signal was
observed f o r a 1.0 m m sample thickness, which i s consistent w i t h op imum i n t e r a c t i o n t o f t h e counterpropagating pump beams i n our samples w i t h a = 10 cm-. At h i g h pump i n t e n s i t i e s , t h e s i g n a l s begin t o saturate, due t o f r e e c a r r i e r a sorption. Note the 9 l a r g e r e f l e c t i o n r e t u r n (180%) f o r the 0.5 nun sample a t -10 MW/cm .
I n a given semiconductor, t h e o p t i c a l frequencies f o r which the plasma n o n l i n e a r i t y i s optimized are l i m i t e d t o a small range near the bandgap. At lower frequencies, l i t t l e c a r r i e r generation occurs, and a t h i g h e r frequencies the sample absorption i s t o o l a r g e . For DFWM a p p l i c a t i o n s r e q u i r i n g use o f a given l a s e r wavelengths, i t i s very u s e f u l t o s e l e c t a semiconductor w i t h a bandgap "tuned" t o resonance w i t h t h e l a s e r frequency. One means f o r achieving t h i s i s t o use t e r n a r y a l l o y s w i t h v a r i a b l e composition. One convenient mixed semiconductor system t h a t spans a broad range i n t h e v i s i b l e spectral region i s t h e CdSxSel-, system. This compound may be doped i n an amorphous glass matrix, and samples o f such material can be obtained conveniently and inexpensively i n t One i n t e r e s t i n g consequence o f t h e microscopic s t r u c t u r e o f t h e CdSxSel--doped glasses i s t h a t the DFWM s i g n a l due t o t h e small-period g r a t i n g was f o u n i t o be comparable t o t h e signal due t o t h e large-period g r a t i n g . This i s due t o o t h e f a c t t h a t the,semiconductor c r y s t a l 1 i t e s are generally much smal l e r (100a-1000~) than even the 1030A p e r i o d o f t h e small-period grating. Thus, u n l i k e the s i t u a t i o n i n b u l k semiconductors, t h e f r e e c a r r i e r plasma i s e f f e c t i v e l y confined t o these i s o l a t e d pockets, and plasma d i f f u s i o n does n o t reduce t h e d i f f r a c t i o n e f f i c i e n c y o f t h e small-period g r a t i n g . To our knowledge, t h i s i s t h e o n l y " d i f f u s i o n -f r e e " DFLIM o r t r a n s i e n t g r a t i n g experiment reported.
The longest wavelengths a t which DFWM experiments have been performed are the 10 um C02 l a s e r wavelengths. A p a r t i c u l a r l y useful nonlinear m a t e r i a l f o r t h i s s p e c t r a l region i s the a l l o y Hgl-,CdXTe, whose bandgap can be tuned throughout the range o f C02 l a s e r l i n e s by adjustment o f t h e composition. The usefulness o f t h e plasma n o n l i n e a r i t y i n HgCdTe f o r DFWM a t l o n g wavelengths was f i r s t p r e d i c t e d by J a i n and K l e i n [8] , and DFWM measurements on room temperature samples w i t h pulsed C02 l a s e r r a d i a t i o n were c a r r i e d o u t by J a i n and Steel [lo] . Using 180 ns pulses from a C02 TEA l a s e r and gn x=0.2 n-type sample (Tug = 0.16 eV), a t h i r d -o r d e r s u s c e p t i b i l i t y o f 5 . 4~1 0 -esu was measured, and good agreement was obtained w i t h the value c a l c u l a t e d using t h e plasma model.
One important conclusion made by J a i n and Steel [ l o ] was t h a t the s i z e of the n o n l i n e a r i t y i n t h e room temperature HgCdTe samples was l i m i t e d by t h e s h o r t c a r r i e r recombination time (due t o Auger recombination) and t h e mismatch between t h e photon energy and t h e bandgap. The p r e d i c t e d t h a t w i t h t h e use o f lower temperatures, and samples w i t h an appropriate match o f t h e low temperat r e bandgap t o the l a s e r photon energy, t h i r d order s u s c e p t i b i l i t i e s greater than lo-' esu would be possible. I n subsequent work [Ill, such l a r g e s u s c e p t i b i l i t i e s were i n f a c t demonstrated, c o n s i s t e n t w i t h t h e above p r e d i c t i o n s .
Using an unfocused 1 W cw C02 (P(20) t r a n s i t i o n a t 10.6 urn) and an x=0.22 n-type sample, a strong increase i n t h e DFWM s i g n a l was observed as t h e sample temperature was lowered, w i t h a maximum s i g n a l observed f o r T s -1 4 5°C .
The reduction i n the DFWM signal f o r lower temperatures i s due t o the r a p i d increase i n the absorption c o e f f i c i e n t r e s u l t i n g from the enhanced bandgap resonance. At the optimum temperature a r e f l e c t i v i t y o f -2.2% was observed a t a mean pump i n t e n s i t y o f n l y 10 ~/ c m 2 (see Figure 3 implying a t h i r d o r d e r B s u s c e p t i b i l i t y o f over 5x10-esu. S i m i l a r values o f x i 3 ) have a137 ben observed i n
HgCdTe by Khan e t . a l . [13] .
Note t h a t the reported values o f x are l a r g e r than
those measured by M i l l e r , e t . a l . 1141 i n a comparable DFWM experiment i n InSb a t 5.3 um. 
t i v i t y vs pump pump i n t e n s i t y f o r DFWM i n s i l i c o n a t i n t e n s i t y f o r Hgo 7 Cd 22Te a t 1.06 um. Results f o r t h r e e values o f
10.6 l-lm, w i t h T ~-f 4 5 ' 6 . sample thickness are shown. I n summary, semiconductors a r e promising m a t e r i a l s f o r DFbIM over a range o f wavelengths extending from the v i s i b l e t o t h e middle IR. The n o n l i n e a r i t y due t o interband plasma generation i s p a r t i c u l a r l y large, e s p e c i a l l y a t l o n g wavelengths. One c o n s t r a i n t imposed by such a n o n l i n e a r i t y i s t h a t the l a s e r photon energy must be i n near resonance w i t h the bandgap o f t h e m a t e r i a l o f i n t e r e s t . Mixed-composition semiconductors w i t h tunable bandgap energies a i d s i g n i f i c a n t l y i n e s t a b l i s h i n g such an energy coincidence. F i n a l l y , the dependence o f t h e plasma n o n l i n e a r i t y on t h e b u i l d u p and decay o f f r e e c a r r i e r s influences b o t h the speed and t h e s p a t i a l frequency response o f the n o n l i n e a r i t y . This w i l l be discussed l a t e r i n r e l a t i o n t o t h e analogous c h a r a c t e r i s t i c s f o r f e r r o e l e c t r i c s .
GRATING FORMATION AND DFWM I N FERROELECTRICS Some o f t h e most a t t r a c t i v e m a t e r i a l s f o r p r a c t i c a l a p p l i c a t i o n s o f DFWM v i a t h e p h o t o r e f r a c t i v e e f f e c t a r e f e r r o e l e c t r i c m a t e r i a l s such as LiNb03, BaTiO , SEN and
KNb03, and nonpolar e l e c t r o -o p t i c m a t e r i a l s such as BSO and BGO. ~e r r o e ? e c t r i c m a t e r i a l s are p a r t i c u l a r l y promising because t h e i r l a r g e e l e c t r o -o p t i c c o e f f i c i e n t s l e a d t o l a r g e g r a t i n g e f f i c i e n c i e s and DFWM r e f l e c t i v i t i e s , i n s p i t e o f t h e i r re1 a t i v e l y slow speeds. For example, DFWM r e f 1 e c t i v i ti es exceeding 2000% have been reported i n BaTiO3 1151 using a cw l a s e r a t a power l e v e l o f -5 mG1. This l a r g e r e f l e c t
i v i t y was obtained o r i e n t i n g t h e c r y s t a l t o e x p l o i t t h e l a r g e e l e c t r o -o p t i c c o e f f i c i e n t 1-
One [15, 17, 27] .
important c h a r a c t e r i s t i c o f g r a t i n g formation i n p h o t o r e f r a c t i v e m a t e r i a l s i s t h a t f o r c e r t a i n experimental c o n d i t i o n s the r e f r a c t i v e index g r a t i n g may be s h i f t e d i n space r e l a t i v e t o the i n t e n s i t y g r a t i n g formed by the i n t e r f e r i n g l i g h t beams. T h i s s h i f t e d grating, which i s n e a r l y unique t o p h o t o r e f r a c t i v e m a t e r i a l s ( i n t h e steady s t a t e ) , allows the c o n s t r u c t i o n o f novel devices such as image a m p l i f i e r s [16] and phase conjugate resonators
Two separate models f o r c a l c u l a t i n g t h e g r a t i n g space charge f i e l d s and response times have been formulated: the hopping model [18] assumes t h a t c a r r i e r t r a n s p o r t occurs v i a hopping from a f i l l e d donor s i t e t o a neighboring empty t r a p . This model was o r i g i n a l l y developed t o describe e l e c t r i c a l conduction i n semi-insulating m t e r i a l s and amorphous semiconductors. The band t r a n s p o r t model (developed most completely by 20] ) assumes t h a t e l e c t r o n s ( o r holes) are e x c i t e d from f i l l e d donor ( o r acceptor) s i t e s t o t h e conduction ( o r valence) band, where they migrate t o dark regions i n t h e c r y s t a l by d r i f t , d i f f u s i o n o r t h e b u l k p h o t o v o l t a i c e f f e c t before recombining i n t o an empty t r a p . The band t r a n s p o r t model has been developed t o a greater degree and i s i n wider use i n t h e l i t e r a t u r e ; however, both models invoke t h e physical separation o f charge, and are thus nonlocal i n nature. As a r e s u l t , t h e nonlinear behavior o f p h o t o r e f r a c t i v e m a t e r i a l s cannot be characterized by a nonlinear p o l a r i z a t i o n , o r by conventional n o n l i n e a r s u s c e p t i b i l i t i e s . I n the above expressions, k i s the Boltzman constant, k i s the g r a t i n g wave number, g~ i s t h e d e n s i t y o f empty traps, and E i s t h e d i e l e c t r g c constant. The f i e l d Eq i s t h a t which r e s u l t s from t h e separation o f a l l a v a i l a b l e charges by one g r a t i n g period. The s p a t i a l phase IJJ o f Esc ( r e l a t i v e t o the i r r a d i a n c e ) i s given by I n general, E <<E so t h a t w i t h no a p p The q u a n t i t y i n parentheses i n Eq. (12) can be considered as a m a t e r i a l f i g u r e o f m e r i t , having u n i t s o f energy/unit area. Once a m a t e r i a l i s chosen, only l i m i t e d experimental c o n t r o l over t h i s q u a n t i t y i s possible. However, t h e q u a n t i t y R can be I n our review o f g r a t i n g formation i n p h o t o r e f r a c t i v e materials, i t was assumed t h a t t h e i n c i d e n t f i e l d s i n each o l u e elem n t are known. I n an a c t u a l DFWM experiment, o n l y t h e i n p u t f i e l d s (e.g. ff, fb and f ) are known. The complete g r a t i n g s o l u t i o n r e q u i r e s the s u b s t i t u t i o n o f the r e f r a c t y v e index change (as a f u n c t i o n o f t h e l o c a l f i e l d s ) i n t o the wave equations which describe t h e propagation through the m a t e r i a l . This r e s u l t s i n f o u r coupled wave equations, compared w i t h two f o r t h e simpler case o f two-wave mixing. I n these equations, t h e c o n t r i b u t i o n from both the small-period and large-period g r a t i n g s must be considered, as we1 1 as s e l f i n t e r a c t i o n e f f e c t s . Several approaches t o the s o l u t i o n o f the coupled wave equations have been presented [22-241, and i n c e r t a i n cases, b i s t a b i l i t y and h y s t e r e s i s have been p r e d i c t e d 1251.
I n o r d e r t o analyze DFWM p r o p e r t i e s o f f e r r o e l e c t r i c s , we f i r s t r e q u i r e expressions f o r t h e amplitude and s p a t i a l phase o f t h e
I V . COMPARISONS BETWEEN SEMICONDUCTORS AND FERROELECTRICS
The nonlinear mechanisms i n semiconductors a r e q u i t e d i f f e r e n t from t h e photor e f r a c t i v e n o n l i n e a r i t y , l e a d i n g t o many d i f f e r e n c e s i n behavior between t h e two m a t e r i a l s f o r DFWM a p p l i c a t i o n s . Two s p e c i f i c comparisons are discussed below; t o make our discussion more s p e c i f i c , we w i l l assume t h a t the dominant semiconductor n o n l i n e a r i t y i s t h a t due t o interband plasma generation.
A. RESPONSE TIME I n semiconductors t h e response time i s determined by recombination and d i f f u s i o n (see Eq. 2). For example, i n t h e experiments o f J a i n and K l e i n 181 i n s i l i c o n ( r R -10-sec) the decay times o f both g r a t i n g s were dominated by d i f f u s i o n , and were c a l c u l a t e d t o be -rfp = 61 nsec and ~b~ = 0.4 psec. Since t h e nonlinear s u s c e p t i b i l i t y f o r each g r a t i n g i s proportional t o the g r a t i n g decay time, t h e r e l a t i v e l y f a s t decay times i n s i l i c o n are accompanied by reduced s u s c e p t i b i l i t i e s compared w i t h those which could be obtained w i t h longer pulses and l a r g e r g r a t i n g spacings.
The response time i n f e r r o e l e c t r i c m a t e r i a l s f o r cw experiments can be approximated i n many cases by t h e d i e l e c t r i c r e l a x a t i o n time (Eqs. 12 and 14) 1201. As mentioned e a r l i e r , f a s t e r response times can be obtained by reducing the sample and by i n c r e a s i n g t h e i r r a d i a n c e .
B. SPATIAL FREQUENCY DEPENDENCE
The s p a t i a l frequency dependence o f t h e nonlinear s u s c e p t i b i l i t y i n semiconductors i s very d i f f e r e n t from t h a t o f t h e g r a t i n g e f f i c i e n c y i n p h o t o r e f r a c t i v e materials, due t o t h e d i f f e r i n g e f f e c t s o f d i f f u s i o n i n both materials, and the i n f l u e n c e o f an a p p l i e d d r i f t f i e l d i n p h o t o r e f r a c t i v e m a t e r i a l s . I n semiconductors, d i f f u s i o n reduces the g r a t i n g response a t h i g h s p a t i a l frequencies, as may be seen by combining Eqs. 2-5: where A i s a constant. Eq (14) i s p l o t t e d i n Figure 4 f o r s i l ' n a t 1.06 pm (Da = 15 cm2/sec, rR = lo-' sec). Note the r a p i d decrease i n x l 5 7 f o r s p a t i a l frequencies on the order o f 4 cycles/mrn (250 g r a t i n g period). I n t h e pulsed experiment f Jain and K l e i n [8] the l a r g e r g r a t i n g p e r i o d was 60 pm, leading t o a value o f ~73Yapprox. 10 times lower than optimum. By combining with Eq. ( 7 ) and t h e definitions f o r E and E the s p a t i a l frequency dependence can be determined. Results obtained by Ruignara '[26] f o r BSO a r e plotted i n Figure 5 . For Eo=O, diffusion favors small grating periods, until t h e l i m i t ED=Eq i s reached. The application of a d r i f t f i e l d can compensate f o r t h e s p a t i a l frequency imposed by diffusion, leading t o a f l a t response when E = 2 KVIcm. In t h i s case t h e limiting s p a t i a l frequency (for which r o l l o f f in q becomes s i g n i f i c a n t ) i s nearly 3 orders of magnitude l a r g e r than the analogous value i n s i l i c o n . 
V. CONCLUSIONS
Semiconductors and f e r r o e l e c t r i c s both have large n o n l i n e a r i t i e s f o r DFWM applications. However, t h e d i f f e r e n t o r i g i n o f the nonlinear e f f e c t s leads t o many d i f f e r e n t properties. For example, t h e plasma nonlinearity in semiconductors i s exceptionally large i n the infrared (using small bandgap materi a1 s ) , while photorefractive materials a r e most s e n s i t i v e i n the v i s i b l e , and have l i t t l e o r no response i n the infrared. A t t h e i r preferred wavelengths, both materials can be used t o generate large DFWM returns with cw l a s e r s . The nonlocal nature of the photorefracti ve nonlinearity leads t o several unique c h a r a c t e r i s t i c s such a s s p a t i a l l y s h i f t e d r e f r a c t i v e index gratings, slower speeds f o r cw experiments, and long 1 ifetimes f o r holographic storage. In many DFIIM applications, large values of nonlinear r e f l e c t i v i t y a r e required a t low cw power levels. Photorefractive
